UAV-Ground BS Coordinated NOMA with Joint User Scheduling, Power Allocation and Trajectory Design by Zeng, Haiyong et al.
UAV-Ground BS Coordinated NOMA with Joint User
Scheduling, Power Allocation and Trajectory Design
Haiyong Zeng∗, Xu Zhu†, Yufei Jiang∗ and Zhongxiang Wei⋆
∗ School of Electronic and Information Engineering, Harbin Institute of Technology, Shenzhen, China
† School of Electrical Engineering and Electronics, University of Liverpool, Liverpool, UK
⋆ School of Electrical Engineering and Electronics, University College London, London, UK
Emails: zenghaiyong@stu.hit.edu.cn, xuzhu@liverpool.ac.uk, jiangyufei@hit.edu.cn, zhongxiang.wei@ucl.ac.uk
Abstract—We propose an unmanned aerial vehicle (UAV)-
ground base station (GBS) coordinated NOMA scheme where
UAV and GBS jointly serve the cell-edge users. To the best of
our knowledge, this is the first work to investigate air-ground
BSs coordination for UAV-assisted NOMA systems, by taking
advantage of the interference between UAV and GBS. Therefore,
the proposed UAV-GBS coordinated NOMA scheme achieves
much higher sum rate of cell-edge users than the non-coordinated
UAV-assisted NOMA schemes where interference is suppressed
as much as possible. The proposed scheme also outperforms
GBSs coordinated NOMA due to more flexible and cost-effective
interference management, thanks to the deployment of low-cost
UAV BS. We conduct joint optimization of power allocation, user
scheduling and UAV trajectory for the UAV-GBS coordinated sys-
tem. A closed-form optimal solution to power allocation is derived.
In addition, a dedicated successive interference cancellation (SIC)
ordering approach is proposed. It is proven that the selection of
a cell-center user with higher SIC order contributes to a higher
rate of cell-edge user, based on which an SIC order based user
scheduling algorithm for both cell-center and cell-edge users is
presented.
I. INTRODUCTION
As one of the promising techniques for fifth generation
(5G) and beyond 5G wireless communication, non-orthogonal
multiple access (NOMA) provides considerable spectrum ef-
ficiency enhancement over conventional orthogonal multiple
access (OMA) techniques [1]. By utilizing superposition coding
at the transmitting side for power-domain multiplexing, and
successive interference cancellation (SIC) at the receiver for
signal detection, power-domain NOMA allows multiple users
to be served with the same frequency, time and code resource
element [2]. Though NOMA can achieve enhanced spectrum
efficiency, the quality of service (QoS) of cell-edge users is
often a bottleneck of the network performance especially in a
special event with a large number of users [3]–[5]. As men-
tioned in [6]–[8], owing to flexibility and a better air-ground
channel with line of sight (LoS) link, unmanned aerial vehicles
(UAVs) have drawn increasing attention and are being widely
deployed to serve as temporary mobile base stations (BSs).
A hybrid scenario was proposed in [7] where the UAV-BS
cooperates with ground BS (GBS) to provide access services
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to offload traffic of GBS. In [8], UAV-BS was employed at the
edge of multiple adjacent cells to help improve the performance
of cell-edge users and offload traffic of GBSs.
In UAV-assisted NOMA systems, due to the presence of
GBS, the performance of users can be severely affected by
the interference between UAV and GBS [9] [10] et al.. In
[9], Nguyen proposed a cooperative UAV-NOMA scheme in
wireless backhaul networks, and the UAV trajectory, SIC order
and NOMA beamforming vectors were jointly optimized to
maximize the sum rate of UAV-served users. However, the
interference of GBS to UAV-served users was not taken into
account. In [10], a NOMA precoding matrix was proposed for
the multi-antenna GBS so that the interference from GBS to
UAV-served users can be zero-forced or restricted to a given
threshold. However, their design of NOMA precoding matrix
is complex, and it requires additional multiple antennas to
perform the precoding matrix. It was proven in [11] that the
NOMA with coordinated BSs can take advantage of the space
diversity and provide higher performance than non-coordinated
NOMA systems. Hence, it is preferable to investigate coordina-
tion of UAV-BS and GBS in a UAV-assisted NOMA system to
utilize interference rather than suppress it as much as possible,
which is investigated in this paper.
Resource allocation plays a crucial role in a UAV assisted
NOMA system. Due to deployment of UAV, the previous
work on resource allocation for GBSs coordinated NOMA [11]
is not applicable. In addition, the user scheduling and UAV
trajectory optimization algorithms dedicated for UAV-GBS co-
ordinated OMA [12] or non-coordinated UAV-assisted NOMA
system [10] are not suitable for UAV-GBS coordinated NOMA
systems. The resource allocation for UAV-GBS coordinated
NOMA still remains an open challenge in the literature.
Motivated by the above open issues, we propose a UAV-
GBS coordinated NOMA scheme which allows UAV and GBS
to serve the cell-edge users simultaneously via joint signal
transmission. Effective user scheduling and power allocation
alongside UAV trajectory design are investigated to maximize
the sum rate of cell-edge users. The contributions of this paper
are summarized as follows:
1) To the best of our knowledge, this is the first work to in-
vestigate air-ground BSs coordination for UAV-assisted NOMA
systems, by taking advantage of the interference between UAV
and GBS rather than suppressing it as much as possible like in
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Fig. 1. System model of UAV-GBS coordinated NOMA.
[9] and [10]. Therefore, the proposed UAV-GBS coordinated
NOMA scheme achieves much higher sum rate of cell-edge
users than the non-coordinated UAV-assisted NOMA schemes
in [9] and [10]. Also, the proposed UAV-GBS coordinated
NOMA scheme leads to better interference management, due
to the deployment of UAV BS and trajectory design, compared
to GBSs coordinated NOMA [11].
2) We make the first study of joint optimization of power
allocation, user scheduling and UAV trajectory for the proposed
UAV-GBS coordinated NOMA system. An efficient iterative
algorithm is proposed to solve the optimization problem, as-
sisted by a novel SIC ordering approach. A closed-form optimal
solution to power allocation is derived, while no closed-form
solutions to power allocation were provided in the previous
work on UAV-assisted NOMA [9] [10]. In addition, we conduct
user scheduling for both cell-edge and cell-center users, based
on the SIC ordering approach proposed. The users with higher
SIC decoding order are scheduled first, as it is proven that those
users contribute to a higher rate of edge user.
The rest of this paper is organized as follows. The system
model and problem formulation are presented in Section II.
The closed-form optimal power allocation is given in Section
III. The user scheduling algorithm is proposed in Section IV.
Section V designs the UAV trajectory. Numerical results are
presented in Section VI. Section VII concludes this paper.
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model
We consider a downlink UAV-assisted NOMA system with a
UAV-BS, a GBS and K ground users. The UAV and GBS are
connected to a central unit through high-capacity links [12]. As
depicted in Fig. 1, the K ground users are classified into Kc
cell-center users and Ke cell-edge users based on a threshold
of distance to GBS [8]. NOMA strategy is adopted by GBS to
serve all ground users, where the cell-edge users can in partic-
ular be served by UAV to guarantee their QoS. Denote the sets
of cell-center and cell-edge users as k ∈ Kc = {1, 2, ...,Kc}
and l ∈ Ke = {1, 2, ...,Ke}, respectively.
Assume the UAV flies periodically above the cell with a
fixed height H and a constant cycle flight time T , which can be
equally discretized into N time slots. Considering the horizon-
tal coordinates, the location of UAV projected on the horizontal
ground at time slot n can be denoted as qn = [x[n], y[n]]
T .
Also, we denote the positions of GBS and an arbitrary user
i as Lb = [xb, yb]
T and Li = [xi, yi]
T , respectively. As
mentioned in [9], the air-to-ground (AtG) communication from
UAV to ground users is governed by LoS propagation. Assume
the Doppler effect caused by the UAV’s mobility can be
successfully compensated [7], the AtG channel from UAV to





βu stands for the channel power gain at the reference distance
d0 = 1 m from the UAV [8]. On the other hand, the channel
frequency response from GBS to user i at time slot n can be
obtained as hb,i,n = gb,i,n
√
PL(di), with gb,i,n as the Rayleigh
fading channel gain, and PL(di) as the path loss function [13].
According to NOMA strategy, multiple users can share the
same frequency resource at each time slot. Define Ci,n ∈
{0, 1}, where Ci,n = 1 indicates that user i is scheduled at
time slot n. Following [10] and [13], to keep low SIC decoding
complexity at the receiver and restrict the error propagation, we
consider there are G users share the same frequency at each
time slot including (G− 1) cell-center users and one cell-edge
user. Denote the set of users scheduled at time slot n as Un.








puθl,n + zi,n, (1)
where θj,n and θl,n denote the transmitted symbols with unit
energy, pu is the transmit power of UAV and pi,n denotes the
transmit power of user i from GBS at time slot n, respectively.
zi,n is the additive white Gaussian noise zi,n ∼ CN(0, σ2).
At the receiver, SIC is conducted to decode the received
signals. Define Hi,n = |hi,n|2 and Vi,n = |vi,n|2 as the channel
gain of user i from GBS and from UAV, respectively. The
multiplexed users can be decoded based on an SIC order based
on channel gain [13] or the proposed SIC decoding order in
Section III. For a cell-center user k, the achievable data rate




Hk,nPj,n + Vk,nPu + σ2
 . (2)
where Uk,n denotes the set of users in Un with a higher SIC
decoding order than user k. On the other hand, for a cell-
edge user l, since it is jointly served by UAV and GBS, the
achievable data rate of user l after SIC is given by
Rl,n = log2






in which the term
∑
k∈Ul,n
Hl,nPk,n denotes the SIC interference
from the set of users with a higher SIC order than user l in










In this subsection, we dedicate to maximizing the sum rate of
cell-edge users by jointly optimizing the user scheduling matrix
C, power allocation matrix P and UAV trajectory matrix Q,
with a minimum rate constraint for the scheduled cell-center
users in each time slot. The optimization problem for the UAV-








Pj,n ≤ Pt,∀n ∈ N;
(C3) Rk,n ≥ Rmin,∀k ∈ {Un ∩Kc} , n ∈ N;












Ck,n ≤ α, ∀k ∈ Kc; (C8)
N∑
n=1
Cl,n ≤ β, ∀l ∈ Ke;
(C9) q[1] = q[N ];
(C10) ∥q[n+ 1]− q[n]∥2 ≤ (vmaxT/N)2,∀n ∈ N,
where (C1) and (C2) are the transmission power budget. (C3)
ensures the QoS of the scheduled cell-center users. (C4)−(C6)
denote the user scheduling constraints. In addition, considering
user fairness, (C7) and (C8) are presented to constraint the
maximum number of time slots occupied by each users. Note
that the values of α and β can be adaptively adjusted according
to the QoS requirement of users. Furthermore, (C9) assures a
periodic flight and (C10) constraints the maximum speed of
UAV vmax.
It is obvious that the optimization problem in OP1 under
constraints (C1) − (C10) is constrained combinatorial non-
convex, and it requires considerable complexity to obtain the
global optimal solution. To address this problem efficiently,
OP1 is decoupled into three sub-problems, and a sub-optimal
low complexity solution can be achieved by alternately solving
the sub-problems [8] [10].
III. SIC ORDERING AND OPTIMAL POWER ALLOCATION
A. SIC Ordering
In UAV-GBS coordinated NOMA systems, due to the effect
of UAV, the user with a higher channel gain from GBS cannot
guarantee a better the signal-to-interference-plus-noise ratio
(SINR) than other users, which makes the conventional channel
gain based SIC order method [13] inefficient. As mentioned
above, there are G users in NOMA group Un. Denote the
indexes of cell-center users as 1, ..., G − 1 and the cell-edge
user as G, respectively. Since the cell-edge user generally
suffers from poor channel condition due to the long distance
from GBS, it can be taken as weak user in comparison to
the cell-center users. Denote the initial channel-to-interference-




Lemma 1: In UAV-GBS coordinated NOMA systems, given
an SIC order of 1, ..., G, in order to successfully perform SIC,
the users in NOMA group Un should satisfy




Proof of Lemma 1: First, for a center user k in Un, the SINR








To successfully decode the signal of user k + 1 at user k,
we should have γk→k+1,n ≥ γk+1,n, according to (2) and (6),
we have Φk,n ≥ Φk+1,n, k = 1, ..., G− 2.








To successfully decode the signal from GBS to user G at








which implies Φk,n ≥ HG,n/σ2, k = 1, ..., G− 1.
B. Closed-Form Optimal Solution to Power Allocation
Given UAV trajectory Q and user scheduling C, the power




s.t. (C2), (C3) and (C4).
OP2 is non-convex in terms of P and hard to solve.
Hence, Theorem 1 is proposed to transform OP2 into a convex
problem without any loss of optimality.
Theorem 1: In UAV-GBS coordinated NOMA, the optimal
solution to the power allocation problem OP2 can be found




s.t.(C̃3)Pn(Rn) ≤ Pt,∀n ∈ N; (C4);
(C11)Ri,n ≥ 0,∀i ∈ Un;














































at both sides of (9) yields
DkSk = Dk−1Sk−1 + (Dk−1 −Dk) /Φk,n. (10)
Note that DG−1 = 1, S0 = 0, consequently, the sum transmit



























































Pj,n is a convex function of Rn. Therefore,
OP2 is equivalent to the convex problem OP3.


































Pk,n is monotonically increasing with




Pk,n leads to less SIC interference and a higher
available transmission power for cell-edge user G. Hence, to
maximize the performance of cell-edge users, we have R∗k,n =
Rmin. Substituting R∗k,n into (3), we obtain the optimal sum
rate of cell-edge user G for time slot n as


























IV. SIC ORDER BASED USER SCHEDULING
According to Lemma 1, the SIC order of cell-center users is
the increasing order of I-CINR.
Lemma 2: In UAV-GBS coordinated NOMA systems, the
selection of a cell-center user with larger Φ contributes to a
higher sum rate of cell-edge user than any other cell-center
users with lower Φ.
Algorithm 1 SO-US for Cell-Center Users
1: For each time slot n, the Kc cell-center users are ranked
in descending order according to their I-CINRs and put in





Ci,n < G− 1
4: From i = 1 to Kc, choose the i-th user in Γn (e.g., user





6: User k is directly assigned to time slot n. Set Ck,n = 1.




Proof of Lemma 2: According to Thereom 1, the transmit












Given a larger Φk,n, the transmit power of user k will
be smaller. According to (3) and constraint (C3), the SIC
interference from user k to user G decreases and there is more
available transmit power in GBS to serve the cell-edge user G,
which leads to a higher RG,n.
Moreover, since user scheduling, power allocation and trajec-
tory design can be solved alternatively [3]. Assume the transmit
power of cell-edge user l from GBS in the last iteration is P i−1l,n ,







Pi−1 − P il,n
) . (12)
1) Scheduling for Cell-Center Users: For each time slot
n, n = 1, ..., N , the Kc cell-center users are ranked in descend-
ing order based on their I-CINRs, and forms a 1×Kc ranking
list Γn. Then, from n = 1 to N , while the number of users in
time slot n is less than G − 1, for each user k starting from
the top of list Γn, if
n−1∑
i=1
Ck,i < α, user k is directly assigned
to time slot n and set Ck,n = 1; otherwise, according to (C7)
and the time sequence property, user k is removed from Γn.
Repeat the procedures until the Kc cell-center users and N
time slots are scheduled. The user scheduling for cell-center
users is described in Algorithm 1.
2) Scheduling for Cell-Edge Users: For the scheduling of
cell-edge users, from n = 1 to N , calculate the approximated
SINR of each cell-edge user j (j = 1, ...,Ke) by (12). After
that, the Ke cell-edge users are ranked in descending order
based on their approximated SINRs, and forms a 1 × Ke




the top user in ηn (e.g., user l) is selected as the candidate user
for time slot n. Similar to Algorithm 1, if
n−1∑
m=1
Cl,m < β, user
l is assigned to time slot n and set Cl,n = 1. Otherwise, user l
is removed from ηn. Repeat the steps above until the Ke users
and N time slots are assigned.
Algorithm 2 Alternative Optimization of User Scheduling,
Power Allocation and Trajectory for OP1
Require: Given imax to record the maximum number of iter-
ations and δ to determine the convergence accuracy.





> δ || i ≤ imax do
3: Based on Qi, solve the user scheduling by Algorithm
1 and power allocation by Thereom 1 respectively to
obtain the optimized sum rate of cell-edge users Ri+1
sum
.
Denote the solutions to user scheduling and power
allocation as Ci+1 and Pi+1.
4: Based on Ci+1 and Pi+1, solve OP5 by CVX to obtain
the optimal trajectory solution Qi+1.
5: Set i = i+ 1.
6: end while
V. TRAJECTORY DESIGN
Based on the user scheduling C and power allocation P
























which is non-convex. Following [8], OP4 can be approximated
as a standard convex form by employing successive convex
optimization methodology.
Note that constraint (C̃4) can be rewritten as













where H2 + ∥q[n]− Lk∥2 is convex with respect to
∥q[n]− Lk∥2. The lower bound of H2+∥q[n]− Lk∥2 at local
point qi[n] can be obtained as


























which is now convex with respect to q[n].
Similarly, though Rl,n is not convex with respect to q[n], it
is a concave function of ∥qi[n]− Ll∥2. As a result, the lower




∥∥qi[n]− Ll∥∥2)+ϕil[n] , (15)




















GBSs Coordinated NOMA [11]
Non-Coordinated UAV-Assisted NOMA with
GBS Precoding [10]
Non-Coordinated UAV-Assisted NOMA [9]
Fig. 2. Impact of the GBS transmit power Pt on performance of various
UAV-assisted NOMA and coordinated NOMA schemes.
where Ril,n is the lower bound to Rl,n at local point q
i, and


















ϕil [n] = log2








It can be learned from (15) that the lower bound R̃il,n is con-
cave in terms of q [n]. As a result, OP4 can be approximated








s.t.(C̃4′), (C9) and (C10),
which can be effectively solved by CVX.
By alternately solving user selection, power allocation and
UAV trajectory, respectively, the original problem OP1 can be
solved. The alternative optimization algorithm for UAV-GBS
coordinated NOMA is present in Algorithm 2.
VI. NUMERICAL RESULTS
In this section, numerical results are presented to evaluate the
performance of our proposed UAV-GBS coordinated NOMA
scheme. Referring to [14], we set N = 60, H = 50 m, T = 100
s and vmax = 40 m/s. Following the topology in Fig. 1, we set
Kc = 3, Ke = 4, and G = 2. The path loss model from GBS
to users is given as PL(d) = 128.1 + 37.6 log 10(d) [13].
Fig. 2 shows the impact of the GBS transmit power Pt on
performance of various UAV-assisted NOMA and coordinated
NOMA schemes, versus the transmit power of GBS. Pu = 20
mW and Rmin = 4 bps/Hz. As can be seen, the performance
of the proposed UAV-GBS coordinated NOMA scheme is
substantially better than that of non-coordinated UAV-NOMA





































Fig. 3. UAV trajectories with different values of Rmin and Pt.






















GBSs Coordinated NOMA [11]
Non-Coordinated UAV-Assisted NOMA with
GBS Precoding [10]
Non-Coordinated UAV-Assisted NOMA [9]
Fig. 4. Sum rate of cell-edge users with different UAV transmit power Pu.
schemes [9] [10], which remain unchanged with the increas-
ing of Pt. For example, when Pt = 1.5 W, the proposed
UAV-GBS coordinated NOMA has about 21.03% and 16.29%
higher Resum than the non-coordinated UAV-NOMA schemes
in [9] and [10], respectively. The reason is that rather than
suppressing the interference from GBS, the proposed UAV-
GBS coordinated NOMA scheme takes advantage of it and
makes the cell-edge users jointly served by UAV and GBS.
Fig. 3 illustrates the UAV trajectories with different Rmin
and pt. Pu = 40 mW. As can be seen, the UAV optimizes its
trajectory according to Rmin and Pt so that the performance of
cell-edge users can be maximized. When Rmin = 2 bps/Hz and
Pt = 0.5 W, the trajectory is a quasi-quadrilateral connecting
the four cell-edge users. As Rmin increases, the QoS constraint
(C4) becomes stricter. Also, with a larger Pt, the interference
of cell-center users from UAV becomes the major consideration
to improve Resum, as a result, the UAV flies away from the cell-
center users to reduce the interference.
Fig. 4 illustrates the performance of Resum for different
UAV-NOMA and coordinated NOMA schemes versus Pu, with
Pt = 1.5 W and Rmin = 4 bps/Hz. It can be learned
from Fig. 4 that when Pu is low, the proposed UAV-GBS
coordinated NOMA scheme has a better performance than
the non-coordinated UAV-NOMA methods [9] [10] and GBSs
coordinated NOMA [11]. As Pu becomes larger, the perfor-
mance of UAV-GBS coordinated NOMA grows up more slowly
than the non-coordinated UAV-NOMA with complex precoding
design [10]. That is because though the cell-edge users can be
jointly served by GBS and UAV through BS coordination, the
SIC interference is also introduced, which increases rapidly and
has substantially effect on Resum when Pu is large.
VII. CONCLUSION
In this paper, we have proposed a UAV-GBS coordination
scheme for NOMA systems to allow joint signal transmission
from UAV and GBS to cell-edge users. Joint optimization
of user scheduling, power allocation and UAV trajectory is
conducted to maximize the sum rate of cell-edge users. A
closed-form optimal solution to power allocation is derived,
and an SO-US user scheduling algorithm is presented. The
proposed UAV-GBS coordinated NOMA scheme significantly
outperforms the non-coordinated UAV-NOMA methods in [9]
and [10] in terms of sum rate of cell-edge users by more than
21% and 16%. It also achieves better performance than the
GBSs coordinated NOMA system [11] with flexible interfer-
ence management.
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